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Public policies aimed at promoting energy supply from renewable resources have become a major means towards mitigating climate change by lowering the reliance on fossil fuels and carbon dioxide (CO 2 ) emissions. Renewable energy support (RES) policies have overwhelmingly concentrated on incentivizing energy supply from wind and solar resources, having led to a recent surge in investments in the production capacities for harvesting these renewable natural resources. 1 Also, these policies are highly likely to continue to be a main pillar of climate policy in the future. To design RES policies in an efficient, environmentally effective, 3 abatement through RES policies. 5 Our main findings are as follows. First, we find that there are substantial differences in the carbon abatement cost for RES policies depending on the type of targeted RE source. The implicit abatement cost for feed-in tariffs for solar range from 500-1300 and 960-1870 e per ton abated CO 2 for the German and Spanish market, respectively-depending on assumptions of the foreign carbon offset. We find considerably lower implicit cost for subsidizing wind energy. With 110-230 e per ton of CO 2 , the abatement costs for wind subsidies in the German market are about five times smaller relative to those for solar. These estimates are, however, highly dependent on market conditions. In Spain, we find that subsidizing wind energy entails CO 2 abatement costs which are slightly below zero (-5 to -7 e per ton of CO 2 ). The reason is that in the Spanish market the average revenue per MWh of wind sold to the market exceeds the subsidies paid per MWh of energy generated from wind.
Second, we find that the RES policies, depending on which type of RE source is promoted, lead to quite different distributional effects for producers and consumers. Producer rents are always impacted negatively but the magnitude differs depending on whether solar or wind energy is pushed into the market. Losses for producers are larger for a policy which supports solar energy as an increased in-feed of solar reduces high peak prices during times when electricity demand is high. In contrast, subsidizing wind energy leads to smaller losses as the availability of wind exhibits a smaller correlation with demand. For consumers, the change in surplus varies in sign depending on the type of RE: it is positive for wind and negative for solar. The difference is mainly due to the refinancing tax for RE subsidies levied on electricity demand which is higher in the case of solar-reflecting the fact that, given higher production costs for solar, a more stringent policy support is needed to incentivize profitable production. Under a policy targeting the promotion of wind energy, consumers are better off and even experience an increase in consumer surplus. Consumers gain as the decrease in energy prices more than offsets the higher cost due to the refinancing tax. Comparing the relative impacts on economic rents across consumers and producers, we find that with policy support for solar, consumers bear three to five times larger costs than producers. With policy support for wind, producers incur losses whereas consumers gain.
Third, to truthfully portray the cost and incidence of carbon abatement through RES policies targeting wind or solar, we need to capture the heterogeneous market impacts of wind and solar. When assessing RES policies, our analysis reveals that the market impacts of an increased energy supply from wind and solar vary substantially depending on (i) the correlation between the (daily and seasonal) availability of the natural resource and time-varying energy demand, (ii) the composition of installed production capacities (and their CO 2 intensity), and (iii) the degree of international market integration governing opportunities for cross-border energy trade. Our analysis thus underscores the general point that a generic appraisal of RES policies is problematic.
Our findings have important implications for policy implementation. First, costeffective RES schemes, such as feed-in tariffs or market premiums, should be differentiated to reflect the heterogeneous environmental value (i. e., CO 2 emissions impacts) and market value (i. e., consumer and producer rents) of RE technologies. Our analysis suggests large efficiency cost for carbon abatement due to failing to appropriately differentiate feed-in tariffs between wind and solar. In particular, the differentiation of feed-in tariffs should not be based on production cost-as it is done under current policy design. For the German and Spanish markets, wind energy should have received a higher subsidy rate as compared to the observed feed-in tariff. In contrast, cost-effective carbon abatement would have required a lower subsidy rate for solar energy. 6 Second, given that the political acceptance and feasibility of RES policies depends crucially on their distributional consequences, our findings suggest that subsidies for wind energy are likely to receive more favorable support from consumers (while in both cases with subsidies for wind and solar, the problem of losses for energy producers arises). While this insight stems from analyzing the German and Spanish electricity markets, it is very likely to carry over to other markets, too, to the extent that subsidy payments for solar exceed those for wind. This paper contributes in three important ways to the existing literature. First, to the best of our knowledge, this paper provides the first ex-post assessment of carbon abatement cost of RES policies for the European context. For the US context, Callaway, Fowlie and McCormick (2017) provide an ex-post analysis of marginal abatement costs of energy efficiency measures and RE sources using hourly emissions data and Johnson (2014) estimates the abatement costs of a renewable portfolio standard. Marcantonini and Ellerman (2014) and Marcantonini and Valero (2017) rely on counterfactual analysis using numerical simulation models to assess the cost of carbon abatement induced by RES mechanisms for Germany and Italy, respectively. Böhringer, Landis and Reanos (2017) assess distributional impacts of RE promotion in Germany using ex-ante policy analysis based on a numerical general equilibrium model. None of these studies, however, provides an ex-post assessment of the implicit abatement cost of RES policies using an econometric model.
Second, we are not aware of existing studies which provide estimates for both the price and quantity market impacts following an increase in RE supply. Kaffine, McBee and Lieskovsky (2013) , Novan (2015a) and Cullen (2013) use hourly wind generation and emission data to calculate greenhouse gas abatement by wind penetration for several states in the US. Wheatley (2013) and Di Cosmo and Malaguzzi Valeri (2014) assess the carbon abatement induced by wind in Ireland. A growing literature analyzes the impact of RE in-feed on wholesale electricity market prices-also called merit-order effect (see, for example, Cludius et al., 2014; Wuerzburg, Labandeira and Linares, 2013; Cludius et al., 2014) . Importantly, estimating the price and quantity impacts of RE policies enables us to quantitatively assess both the implicit costs of carbon abatement through RES policies and how these cost are distributed between energy producers and consumers.
Third, this paper contributes to the empirical literature on assessing the heterogenous market impacts of RE supply. Intuitively, carbon abatement (and its economic cost) depend on the carbon intensity of generation that is replaced which, in turn, depends on a number of factors. First, it hinges on the composition of installed production capacities. Second, differences in daily and seasonal availability profiles of wind and solar energy means that RE supply from these sources cannot be viewed as a homogeneous good on environmental grounds. 7 This insight is not novel (see, for example, Novan, 2015a; Cullen, 2013; Callaway, Fowlie and McCormick, 2017; Zivin, Kotchen and Mansur, 2014 ). Yet, most of the existing empirical literature has focused on the US context (in particular, the case of Texas) where only wind, but not solar, represents a significant share of electricity production. In contrast, our focus on the European context enables us to study markets in which wind and solar have achieved significant market size. Third, while in a closed electricity market one MWh of RE should replace one MWh of conventional generation, this does not necessarily hold when energy can be traded across borders. Contrasting the case of Spain and Germany-with the latter being more tightly integrated in the European electricity market than the former-enables us to analyze the impacts of RE supply for two countries which differ in terms of their possibilities to engage in cross-border trade following the imposition of a RES policy.
The remainder of the paper proceeds as follows. Section I lays out the conceptual framework which helps guide the subsequent empirical analysis. Section II describes our estimation strategy. Section III describes the data and the policy context for our study. Section IV examines the impacts on prices, quantities and carbon emissions caused by a policy-induced increase in RE. Section V presents and discusses our main findings on the economic cost of carbon abatement through RES policies. Section VI concludes.
I. Conceptual Framework
This section lays out the conceptual framework which we use to empirically measure the cost of carbon abatement through RE policies. We first present an equilibrium model of short-run electricity supply and then describe the impacts of RE generation on electricity prices, the production of conventional electricity producers, and CO 2 abatement. Finally, we define metrics for the economic cost of carbon abatement through RES policies and for the incidence of cost between energy producers and consumers. A. An Equilibrium Model of Short-Run Electricity Supply
Wholesale electricity firms are assumed to operate under perfect competition maximizing profits using production quantities as the decision variable. 8 Generation units of a firm are represented at the technology level where total production of technology i ∈ I in hour t ∈ T is denoted by X it . The set I comprises thermal carbon-based generation plants (i.e., hard coal, lignite coal, natural gas) and other conventional plants (i.e., nuclear, hydro, pump storage, biomass). Generation from wind and solar is modeled exogenously. Production at any point in time cannot exceed given (and fixed) installed capacity K i :
where µ it is the shadow price of capacity for technology i at time t. The value of capacity in a given hour is zero (µ it = 0) if production is below the capacity limit; it is positive (µ it > 0) if the capacity constraint is binding. 9
Marginal cost c it (θ i , ϑ i ) of a generation unit at time t depend (i) on the previous generation levels θ i = {X i(t−1) , X i(t−2) , . . . }, reflecting dynamic constraints and ramping costs, and (ii) on other contemporaneous exogenous factors such as fuel prices, variable operation and maintenance costs (i.e., capital and labor prices), and temperature affecting heat efficiency which are contained in ϑ i . In equilibrium, the following profit condition, relating unit costs (comprising marginal costs and the opportunity costs for capacity) to unit profits determines supply of technology i,
where P t measures unit profits or the wholesale electricity price at time t. If unit cost exceed unit profit, positive generation would lead to losses and thus X it = 0. Given perfect competition and no barriers for market entry or exit, zero profits in equilibrium (i.e., unit cost equal to unit profit) determine a positive level of electricity supply X it > 0. Markets for electricity in a given hour balance if total supply is equal to hourly demand D t :
Equations (1)- (3) imply that given demand the equilibrium allocation of hourly electricity supplies is determined by the available capacity and the marginal cost 8 We thus abstract from price regulation and imperfect competition in the electricity sector. We leave for future work the careful comparison of how alternative assumptions about market structure may influence our results.
9 We use the "⊥" operator to indicate complementarity between equilibrium conditions and variables. A characteristic of economic equilibrium models is that they can be cast as a complementarity problem, i.e. given a function F : R n −→ R n , find z ∈ R n such that F (z) ≥ 0, z ≥ 0, and z T F (z) = 0, or, in short-hand notation, F (z) ≥ 0 ⊥ z ≥ 0 (Mathiesen, 1985; Rutherford, 1995) .
ordering of technologies. The equilibrium outcome of each technology thus depends on its own as well as on the marginal cost of all other technologies:
10 Equation (2) determines the price as the marginal cost of the marginal generator, i.e. the generation that earns zero capacity rent in the given hour (µ it = 0).
B. Impact of Renewable Generation on Prices, Quantities and Emissions
A temporary increase in generation from intermittent renewables leads to a change in this equilibrium allocation as shown in Figure 1 . Let "0" and "R" denote the equilibrium situation before and after an increase in the supply of intermittent renewables. The increase in wind and solar has generally two effects. First, it effectively shifts the electricity supply curve outward or, equivalently, reduces residual demand, i. e. demand net of renewable generation, from D 0 t to D R t . Given that demand in the short run is price-inelastic (see Assumption 1 below), an increase in renewable generation results in a decrease in equilibrium level of output of conventional technology i. This so called replacement effect is given by:
If any of the offset generation comes from plants burning fossil fuels, their replacement leads to a reduction in carbon emissions depending on their carbon intensity ϕ i (measured in tons of CO 2 emissions per MWh of electricity generated). The aggregate level of CO 2 emissions, E, is reduced by the amount ∆E which is given by:
Second, as generators with high marginal cost are pushed out of the market, the wholesale electricity price decreases by ∆P t -which we refer to as the price effect given by:
To quantify these effects, we need to impose the following two assumptions: ASSUMPTION 1: Hourly electricity demand does not respond to wholesale prices.
ASSUMPTION 2:
The hourly supply of electricity generated from wind and solar is random and exogenous.
Given the short-run nature of our analysis, we argue that both assumptions are innocuous. Assumption 1 is reasonable as consumers do not base their day-to-day 8 demand decisions on hourly wholesale market prices. Residential and commercial customers buy electricity at fixed prices which are constant for a period of time, ranging from one month to several years. Electricity demand variations are driven by exogenous forces such as temperature variation or diurnal patterns of economic activity and are not influenced by prices in the wholesale market. 11 Assumption 2 simply reflects the fact that in the short-run, the hourly variation from wind turbines and solar panels is determined almost entirely by exogenous changes in the available wind energy (e.g., wind speed, wind direction, air density) and solar radiation.
Assumptions 1 and 2 imply that renewable generation can be subtracted from total demand on the right-hand side of equation (3), so that it then effectively represents residual demand, i. e. total demand net of renewable generation. This way of representing electricity supply from wind and solar power is valid as long as the marginal costs of electricity generated from wind and solar are smaller than those of the lowest marginal-cost conventional generation technology. The (near) zero marginal costs of wind and solar generation imply that whenever electricity is available from these sources, it is supplied to the market. HETEROGENEITY OF IMPACTS--The (short-run) price and replacement effects of one MWh of electricity produced by wind turbines or solar panels can vary considerably due to the demand and supply characteristics of the electricity market. The heterogeneity of impacts depends on the type, costs, and carbon intensity of the marginal generator that is being replaced-which in turn hinge on the following factors:
(i) Plant portfolio.-For any given system, the possibilities for replacing generation are determined by the existing plant portfolio and the carbon intensities of different generators.
(ii) Correlation between demand and intermittent renewable generation.-As both electricity demand and generation from intermittent renewables exhibit a substantial diurnal and intra-annual (seasonal) variation, the impact of one MWh of electricity produced by renewables depends largely on when exactly the in-feed occurs and how demand and renewable supply are correlated over time.
(iii) International market integration.-The size of replacement and price effects also depend on the reaction of net imports which, in turn, depend on the possibilities for cross-border electricity trade, i. e., the existing cross-border transmission capacity and cross-country price differentials.
In summary, one additional MWh of intermittent renewable in-feed can have very different impacts on the generation level of conventional technologies, the level of aggregate CO 2 emissions, and wholesale market prices. Importantly, the marginal Figure 1 . Short-run electricity market impacts of exogenous variation in RE supply from wind and solar
t denote the electricity price, the quantity of conventional generation and residual demand before and after the introduction of renewable energies, respectively. The area "A + B" corresponds to the decrease in capacity rents for producers due to renewable in-feed, "A + B + C" is the increase in consumer rents due to the price decrease.
impacts of intermittent renewables is likely to exhibit substantial heterogeneity both within a given market across time and type of renewable resource as well as across markets. Assessing the implicit cost of carbon abatement from RES policies and how these costs are shared between consumers and producers requires taking into account this heterogeneity. A descriptive analysis on how the different countries and technologies differ with respect to these factors is presented in Section III.
C. Measuring the Cost of Carbon Abatement
Given the short-run focus of our analysis and inelastic energy demand (Assumption 1), the change in economic rents due to a policy-induced increase in RE supply is equal to total subsidies paid to RE producers minus the revenues earned from selling the RE supply at market price. 12 As, in practice, RE subsidies in most countries, including Germany and Spain, are funded through a tax on electricity consumption, the total subsidy payments are equal to total revenues collected from this refinancing tax, which we denote here by ξ. We can thus measure the economic cost of the feed-in tariff policy, denoted by Ψ S , by using data on the level of subsidies F e , i. e. the feed-in tariff paid per MWh of RE type, indexed by e = {Wind, Solar}, and deduct the unit revenue earned by selling the RE output into the market at time t, P R t : 13
where Output et denotes RE generation. The cost of carbon abatement through the RES policy per ton of CO 2 abated can then be calculated as:
D. Distribution of Costs between Consumers and Producers
As the subsidies are refinanced through a tax on electricity demand, the costs of carbon abatement are primarily borne by the consumers. The replacement and price effects induced by the in-feed of renewables lead, however, to a redistribution of economic rents from producers to consumers: producers suffer from losses in their capacity rents due to lower output prices and reduced sales volumes while consumers profit from lower electricity prices. Total cost for consumers are then defined as the quantity of electricity demanded D t times the refinancing tax ξ on electricity demand minus the change in electricity price, |∆P t |. This corresponds to the total costs of carbon abatement Ψ S minus the change in consumer rents due to lower electricity prices:
The rents for conventional energy producers decrease due to lower prices and generation levels. 14 From the conditions in equation (2), we can express the equilibrium capacity rents for all generation technologies as:
The loss in producer rents Ψ P , which represents the producer cost, is then given by the difference in capacity rents before and after the introduction of renewable energies:
A (Change in rents for units whose output is not affected) .
The terms A and B in Figure 1 and equation (10) provide an intuitive decomposition of the change in capacity rents between generation units whose output is or is not affected by the renewable in-feed. For units whose output is not affected, the decrease in capacity rents is only induced by lower wholesale market prices. For units whose output is affected, the decrease also depends on marginal cost. Figure 1 provides a graphical illustration of the components A, B and C describing changes in economic rents on both sides of the market. A and B depict the losses in producer rents. These are redistributed to consumers. In addition, consumer rents are increased by C. Area C, however, corresponds to previously incurred fuel costs which can now be saved due to the replacement of fossil technologies with RE generation, i. e. it does not change the producer rent.
EMPIRICAL CHALLENGES.--The challenge of empirically measuring A, B, and C is that one needs to know marginal generation cost at the plant level. In our empirical context such data are, however, not available. First, our data (see Section III) resolve electricity generation at the technology level. Second, we do not observe marginal costs. As a result, we cannot disentangle areas B and C. We do know, however, that the forgone capacity rents must equal at least area A and at most the total area given by A+B +C. Thus, without observing marginal cost of plants, it is possible to provide lower and upper bound estimates of Ψ P :
The characterization of lower and upper bound estimates of Ψ P relies on the following two assumptions: ASSUMPTION 3: Marginal cost of firms producing electricity from conventional sources are not affected by the supply of wind and solar energy.
ASSUMPTION 4:
Marginal cost are non-decreasing in output.
Assumption 3 simply expresses that shifts in residual demand do not affect the supply curve, i. e. the marginal cost schedule. 15 Assumption 4 expresses the fact that generators are dispatched according to their marginal cost (from low to high) which is the fundamental premise underlying the structural equilibrium model given by conditions (1)-(3).
II. Identification and Econometric Specifications
In the following we describe our strategy for empirically estimating the effects of RE supply on equilibrium output (replacement effect) and wholesale market prices (price effect).
Given the structural model in Section I, the equilibrium output of technology class i at time t depends on demand, renewable output, the technology's marginal costs and capacity, and the marginal costs and available capacities of all other plants in the market, i.e.:
where Output et is the exogenous in-feed of RE produced from resource of type e = {Wind, Solar} at time t.
The first main identifying assumption we exploit is that demand D t does not respond to wholesale electricity prices in the short run (Assumption 1). The problem of estimating market equilibrium quantities X * it then essentially boils down to one of estimating a supply function given exogenous demand. As demand is exogenous, we do not have to deal with a simultaneity bias caused by the joint determination of supply and demand.
Second, we exploit the randomness and exogeneity of wind and solar generation patterns (Assumption 2) and the assumption that marginal cost do not depend on the level of RE supply (Assumption 3). This allows us to determine the impact of renewable in-feed on the equilibrium outputs. Wind and solar power production may not be completely random to the extent that generation from wind or solar are intentionally reduced (curtailed). 16 We argue, however, that curtailments are driven exogenously by transmission infrastructure restrictions. 17 Exploiting Assumption 2 to estimate the price and quantity impacts critically requires that there is sufficient variation in electricity output generated from wind and solar. Table 2 in the following section provides evidence that this is indeed the case. First, there is substantial variation in hourly wind and solar generation in both the German and Spanish market. Second, the share of domestic electricity generation from both intermittent sources is large in both markets. Third, Figure 3 in Section IV shows that the generation of RE additionally varies both by time and type of energy resource.
To estimate equation (12), we need to measure each of the variables. We observe realized hourly generation by technology X it , demand D t , and wind and solar generation Output et . We also observe installed capacity at the technology level on a yearly basis. We do not, however, observe unforeseen plant outages and maintenance shut-downs, i.e. available capacity at an hourly level. As the installed capacity of conventional technologies is virtually constant over the time period of our sample, we do not include installed capacity in our econometric specification.
Although we do not observe marginal costs, we know that they mainly depend on heat rates of plants within a technology class, start-up and ramping cost, and fuel prices. Heat rates are unobserved, too, so we include temperature as a proxy for the change of heat rates over time as it is known to affect the efficiency and hence costs of power plants (if temperature rises, plants become more inefficient which in turn increases marginal cost). We also do not directly observe startup and ramping cost. Hence, to control for start-up and ramping cost as well as dynamic constraints and expectations of conventional electricity producers over the whole planning cycle, we include lagged terms of generation levels of conventional technologies and of all contemporaneous controls over the previous 24 hours, V t . 18 Primary fuel prices are, in principle, observable. Without plant-specific information, it is, however, not clear at all which fuel prices should be used for a given technology class. We thus omit fuel prices from our econometric model and instead include day-year fixed effects, D t , to control for additional daily factors that affect power plant behavior. The day by year dummies control for both observable and unobservable factors (such as, for example, unforeseen outages and forward contract positions) that vary by day. Table 1 provides a detailed list of the independent variables included in the statistical models in equations (13) and (15).
Based on the above considerations, we estimate realized generation by technology i in hour t for a given market r = {Germany, Spain}, X itr , as a function of wind and solar output, past generation, and a set of controls:
We include squared terms for renewable output, demand and temperature to account for possible non-linear relationships. To identify how a marginal increase in wind and solar affects conventional output during hours with different levels of demand, we interact renewable output with demand.
Given our identifying assumptions of exogenous demand and renewable generation, equation (13) is consistently estimated using ordinary least square (OLS). 19 The random variation of renewable in-feed identifies our main coefficients of interest, β e ir1 , β e ir2 and β e ir3 , which determine the impact of wind and solar generation on the output of conventional power plants.
B. Price Effect
Given the equilibrium condition in equation (2), the equilibrium wholesale electricity price is defined by the marginal cost of the marginal generator i * , i. e. the Square of daily mean temperature lagged τ hours
Square of system demand lagged τ hours
Generation of conventional technology i lagged τ hours Dummies Dt
Day/Year Dummy for each day in the sample generator that earns a zero capacity rent. Hence, the equilibrium price for region r in period t is given by:
We do not observe plant-level output and hence the marginal generator is unknown which makes it impossible to directly estimate the equilibrium price as a function of marginal costs. We know, however, that-given constant available capacities and marginal costs-the marginal generator, and thus the equilibrium price, is determined by the level of residual demand. We can thus estimate P * t as a function of demand D t and RE output Output et . In addition, to control for daily, weekly, and seasonal variation in other factors (such as fuel price shocks or plant outages) which affect marginal cost, we include day-year fixed effects D t .
Given the above considerations, we estimate the following reduced-form model of equation (14):
Demand and squared demand are included to control for the variation in prices caused by the variation in demand. To identify how a marginal increase in wind and solar affects prices during hours with different levels of demand, we interact RE output with demand.
Given the assumptions of exogenous demand (Assumption 1) and exogeneity of wind and solar generation (Assumption 2), equation (15) can be consistently estimated using OLS. The assumption of random variation of RE in-feed then identifies the main coefficients of interest for estimating the price impacts: α e r1 , α e r2 and α e r3 . 
III. Context and Data
To identify and gauge the implicit costs of carbon abatement from RES policies on electricity production, prices, and CO 2 emissions, this paper focuses on the specific case of two countries: Germany and Spain. This section comprises three parts. First, we motivate our choice of countries and provide background information on the policy context, in particular with respect to RE policies in the electricity sector. Second, we present our data sources and describe the construction of our data set in detail. Third, we take a first look at the data by providing a descriptive analysis which focuses on characterizing the heterogeneity in terms of RE sources (wind and solar) and the country-specific market conditions.
A. Regional Focus of the Study EMPIRICAL CONTEXT.--Three main considerations motivate our choice of Germany and Spain as empirical focus of this study. First, wind and solar generation in both countries represent a substantial share of total electricity generation. Second, both countries account for large proportions of European power sector CO 2 emissions and have adopted aggressive renewable support schemes, suggesting that the observed, policy-induced renewable in-feeds in both countries have majorly contributed to emissions reductions achieved by European RE policies. Third, exploiting the variation across the German and Spanish markets enables us to examine the role of international market integration and pre-existing plant portfolios for the effects of RE generation on prices and quantities in different electricity markets.
Both in Europe and globally, Germany and Spain are among the countries with the largest reliance on electricity generated from wind and solar energy. Over the past two decades, total installed capacities and generation of wind and solar electricity in both countries have sharply increased as shown in Figure 2 : wind capacity in Germany (Spain) today is 6 (12) times larger than 15 years ago; solar capacity has skyrocketed increasing by a factor of 503 (3'900) in Germany (Spain) over the same period. In 2014, electricity from wind was 9.1 % and 20.4 % and electricity from solar was 5.7 % and 5.1 % of total generation in Germany and Spain, respectively. 20 POLICY BACKGROUND.--The rapid deployment of wind and solar electricity in Germany and Spain has been majorly spurred by the adoption of RES policies. Both countries rely on a feed-in system which guarantees RE generators a fixed price at which produced electricity can be sold. These fixed prices are independent of the actual market price and are differentiated by the type of renewable generator, e.g., wind and solar power, according to their production costs. 21 In Germany, RE support started with the Electricity Feed-in Law ("Stromeinspeisungsgesetz") of 1991 ensuring grid access for wind and solar power. In addition, the grid operators had to pay a guaranteed price to RE producers which was refinanced using a surcharge on the final consumer price (IEA/IRENA, 2016a). In 2000, the Electricity Feed-in Law was replaced by the Renewable Energy Sources Act ("Erneuerbare-Energien-Gesetz", EEG) which also granted feed-in tariffs for hydro power. The EEG was revised several times, mainly adjusting the amount of premiums paid. Based on the total payments made to RE generators (NetzTransparenz, 2016 ) and the total amount of generation (BMWi, 2015) , the average feed-in tariff between 2011 and 2014 was 0.08 e/kWh for wind and 0.33 e/kWh for solar power.
In Spain, the General Electricity Law 54/1997 provided the ground for renewable promotion liberalizing the electricity market and granting grid access for RES (IEA/IRENA, 2016b). The Royal Decrees 436/2004 and 661/2007 granted feedin tariffs for "special regime" producers including besides wind and solar power also other RES types such as biomass. Further changes to the RES policy under the Royal Decrees 1578/2008 and 661/2010 introduced limitations on the amount of subsidies for renewable power. In 2012, the Decree-Law 1/2012 abolished the promotion of renewable power in Spain. Figure 2 shows that after the change of RES policy in Spain in 2012, no new wind and solar capacities were added. Howe-20 Both countries have put forward ambitious plans to further increase their reliance on renewable energies covering about 40 % of gross electricity consumption by 2020 from RE sources, including hydro power (European Commission, 2015) .
21 More recently, a market premium model has been introduced in Germany, and also in Spain producers are given the choice between a feed-in tariff and a market premium. While under a feed-in system the grid operator is responsible for bringing RE to the market, the market premium model allows generators to directly sell their electricity to the market. If the market price is below the premium, generators receive the difference between the premium and the actual market price.
ver, as the abolishment of the RES support is not retroactive, generation facilities established before 2012 continue to receive financial support. The average feed-in tariff in Spain between 2004 and 2012 was 0.04 e/kWh for wind and 0.38 e/kWh for solar (del Rio and Mir-Artigues, 2014).
B. Data Sources and Construction
For both countries, we use hourly times series data on electricity generation, wholesale prices, demand, and net imports. Generation data are resolved on a technology level and differentiated by fuel type. The technology categories for generation are: wind, solar, hard coal, lignite, natural gas, nuclear, pump storage, run-of-river & reservoir hydro, other generation (mainly comprising thermal renewable production from biomass). Additonally, we use daily temperature data, average carbon coefficients for coal and gas plants, and data on subsidy payments for wind and solar production.
ELECTRICITY DEMAND AND TECHNOLOGY-SPECIFIC GENERATION.--Hourly electricity demand for Germany and Spain is based on ENTSO-E (2016) and RED Electriciy de Espana (2016), respectively. Generation data for Germany for the period 2010-2015 are compiled from for Solar Energy Systems ISE (2015) which collects and combines data from different sources including the EEX transparency platform (EEX, 2016) and transmission system operator information on solar and wind production. Unlike for Spain, German pump-storage data do not include demand but only generation of pump-storage plants. Additionally, for Solar Energy Systems ISE (2015) points out that hydro and pump-storage data obtained from EEX (2016) do not match with yearly total production of these plants. 22 For Spain, generation data are provided by the Spanish system operator (RED Electrica de Espana) through the ESIOS system for the period from 2014 to 2015 (ESIOS, 2016) . 23 ESIOS reports measured generation for all power plants at the Iberian peninsula aggregated by fuel type as well as hourly net imports. Generation and demand of pump storage facilities are provided separately. We aggregate them to represent generation net of pump storage. We further aggregate hydro generation from large and small hydro power plants which are reported separately by ESIOS.
WHOLESALE MARKET PRICES.--As most of the electricity is traded on the dayahead market 24 , we use data on hourly day-ahead market prices as wholesale market prices. The price data is based on the European Power Exchange (EPEX, 2015) for Germany and the Spanish electricity market place (OMIE, 2015) .
TEMPERATURE DATA.--To control for heat efficiency changes due to temperature, we use data on daily mean temperature for weather stations in Germany and Spain from "The European Climate Assessment & Data Project" (ECA&D, 2016).
22 Generation data in for Solar Energy Systems ISE (2015) is thus scaled to meet total yearly production by other sources; unfortunately, the correction factors are not reported. As these scaling factors distort the original data, our estimates for German hydro and storage facilities have to be carefully interpreted.
23 The sample period for Spain is shorter than the one for Germany as prior to 2014 solar generation for Spain is not reported separately. 24 In 2014, about 46 and 70 % of electricity demand in Germany and Spain has been traded on the day-ahead market, respectively. CARBON COEFFICIENTS.--To calculate CO 2 emissions, we use average carbon emission coefficients by fuel. For Spain, these coefficients are provided for each year by IEA (2015) . For Germany, IEA (2015) does only provide estimates for aggregated coal use ignoring differences between hard coal and lignite. We thus adopt the Tier-1 method recommended by IPCC (2006) to derive the carbon coefficients for Germany. We first use data on yearly generation and fuel use by the German Federal Ministry of Economic Affairs and Energy (BMWi, 2015) to derive the average heat efficiency for each technology class. We then multiply average heat efficiency by the fuel-specific emissions factor as provided by IPCC (2006) .
RENEWABLE ENERGY SUBSIDIES.--Finally, we use data on paid subsidies for wind and solar generation to calculate the implied costs of carbon abatement. For Germany, these data are derived from the annual balance sheets of the renewable support scheme which comprehensively reports all payments (Netz-Transparenz, 2016) . For Spain, we use the average of annual feed-in-tariffs for the years 2004 to 2012 as calculated by del Rio and Mir-Artigues (2014). For later years there are no data available. As the support for new power plants was abolished in 2012 but continued for existing capacities and as renewable capacity had not been increasing after 2012 (see Figure 2) , we assume that average payments remain unchanged. 25
C. A First Look at the Data: Heterogeneity across Technologies, Markets and Time
As already elaborated on in Section I, RE sources differ in their costs and effectiveness of abating CO 2 emissions due to their heterogeneity in terms of replacement and price effects. We identify three main factors which drive the heterogeneity of effects across countries and technologies. In the following we describe these mechanisms and provide a descriptive analysis using our data.
(i) Plant portfolio.-For any given system, the possibilities for replacing generation are determined by the existing plant portfolio and the implied carbon intensities of different generators. For systems in which coal (natural gas) accounts for a relatively large capacity share, one MWh of intermittent RE is ceteris paribus more likely to replace coal-(gas-) fired generation. For the same reason, the price decrease following an increased in-feed of renewables is likely to be smaller in the predominantly coal-based system-given that the marginal production costs are lower for coal than for natural gas. Table 2 shows installed capacity and generation per technology and country. The plant portfolios of Spain and Germany differ with respect to several aspects. First, Germany has a significantly higher share of hard coal and lignite capacity relative to their gas capacity while in Spain the gas capacity exceeds the coal capacity by a factor of three. Hence, in Germany (Spain) it is, ceteris paribus more likely that renewable energies replace coal (gas). Second, in Germany more than half of the total capacity consists of combined heat and power (CHP) plants, while in Spain this share is relatively small. Therefore, in Germany gas generation is less Abrell and Rausch (2016) and sources for generation data are described in Section III.B.
(ii) Natural gas capacity consists of combined heat and power (CHP) plants and open or combined cycle gas turbines. The distinction between the two is only available for capacity whereas for generation only aggregate data is available. Similarly, data on installed capacity for hydro power are available separately for run-of-river and reservoir while the generation data is available as an aggregate. (iii) "Other" includes oil, derived gas, biogas, biomass and waste technologies. (iv) The share of total generation is calculated by dividing the aggregate generation by source over total domestic generation (over the entire sample period for each country).
likely to adjust as a response to renewable in-feed because the dispatch decision of CHP plants generally depends on heat demand and is less dependent on residual electricity demand. Third, while in Germany most of the hydro capacity consists of run of river plants, in Spain, a large share is reservoirs. Run-of-river plants produce according to water flows with relatively low marginal cost, and are thus not affected by increased renewable production. Reservoirs, on the other side, adapt their production depending on the market price. Consequently, hydro generation in Spain is more likely to adjust to renewable in-feed compared to Germany.
(ii) Correlation between demand and intermittent RE generation.- Figure 3 illustrates the diurnal and intra-annual (seasonal) variation of wind and solar generation as well as electricity demand. As they all exhibit a substantial variation, the impact of one MWh of renewable electricity on conventional generation depends largely on when exactly the in-feed occurs and how demand and supply are correlated over time. For example, if RE is producing at hours with peak demand, it mostly replaces generation of peak load plants with high marginal cost. In contrast, at low or intermediate levels of demand RE replaces base load plants with relatively low marginal cost.
For both countries, the demand peak at noon largely coincides with the peak of solar generation. While the wind profile in Germany is almost flat and thus shows little correlation with demand, wind generation in Spain somewhat increases in the afternoon and evening time when demand is relatively high. Hence, in both countries it is more likely that solar mainly replaces peak plants while wind is more likely to replace mid and base load plants.
Given that during most of the sample period the marginal costs of gas generation were higher compared to coal, gas plants were more likely to act as peak producers in both countries. Hence, solar (wind) energy is expected to mainly replace gas (coal) generation. As a consequence, this would imply a larger marginal carbon abatement of wind compared to solar in-feed. As solar availability is more strongly correlated with demand as compared to wind, the electricity price decrease due to an increased in-feed of solar is likely to be higher than for wind.
Over the time of a year, German electricity demand is positively (negatively) correlated with wind (solar). In Spain, the demand peak in the summer coincides with a peak in solar generation and the demand peak in winter with a peak in wind generation.
(iii) International market integration.-An increasing amount of intermittent renewable generation with (near) zero marginal cost tends to reduce the domestic electricity price. As domestic wholesale prices are reduced, generation becomes more competitive relative to the neighbouring countries, in turn increasing incen-tives for exports. Thus, international market integration has generally two effects: First, in a more integrated market, the amount of foreign generation replaced by one additional MWh of wind or solar electricity is larger and, consequently, the domestic replacement effect is smaller. Second, as a consequence of the first, trade possibilities reduce the price effect of renewable in-feed as less (expensive) conventional producers are replaced. As electricity trade is grid-bounded, the magnitude of the competitiveness and price effect depends on the size and utilization of the cross-border transmission infrastructure, which largely differs for Germany and Spain-as shown by the net transfer capacities in Table 2 . Germany lies in the center of continental Europe and is well connected to the markets of its neighboring countries in terms of transmission infrastructure. In contrast, the Iberian peninsula is somewhat isolated from the rest of Europe as only one major, often highly congested, inter-connector line between Spain and France exists (see, for example, ENTSO-E, 2014; Abrell and Rausch, 2016) . Consequently, we would expect a lower replacement and price effect for Germany compared to Spain due to its higher exposure to international trade.
These three factors, i. e. plant portfolio, correlation of demand with renewable generation and international market integration, will guide the interpretation of our results in the following sections.
IV. Replacement, Price, and CO 2 Emissions Effects of RE Policies
To gain insights into the nature and magnitude of replacement, price, and CO 2 emissions effects as well as the costs of carbon abatement through RE policies, we present our results as follows. First, we describe our estimation results in terms of the quantity impacts associated with the policy-induced increase in the supply of wind and solar power. Second, we describe the price effects. Third, we take a closer look at the heterogeneity of marginal replacement and price effects across fuels, markets, and time. Fourth, we use these estimates to quantify the CO 2 emissions impacts of the RE policies. In the next section we assess the implicit costs of carbon abatement through renewable policies and analyze how the costs are distributed between consumers and producers.
A. Average Replacement Effects
Using the estimated coefficients from equation (13), we can calculate the shortrun average impact of one MWh of RE e on output of technology i in market r over the sample, i. e. the average marginal replacement effect as: (16) where Output er and D r are the sample averages of intermittent RE output e and electricity demand in market r, respectively. 26 Table 3 shows the estimated results for the average marginal replacement effect, ∆X e ir . GERMAN MARKET.--For Germany, both solar and wind power induce on average the largest marginal generation offset in net imports followed by a reduction of coaland gas-fired generation. Except for hydro and storage facilities, the impact from solar is higher for all technologies relative to wind. The relatively large impact on net imports seems to be plausible as solar generation largely occurs in peak hours in which prices in the neighboring countries are high, thus creating strong incentives for cross-border trade.
The marginal offset for coal generation induced by wind and solar power is larger than the one for natural gas generation. This finding may be somewhat surprising at first glance as the marginal-cost ranking for these two technologies would suggest exactly the opposite result. For wind power, this is explained by the role of coal power as a classical mid-load plant whereas as natural gas plants tend to serve peak load. As wind power exhibits a rather flat generation profile over the day (see Figure 3) , coal or even lignite is crowded out in off-peak hours when gas power plants are not running. For solar power, the result is indeed surprising as one would expect that additional solar in-feed should primarily lead to a decrease in the generation of peak-load plants which run during the mid-day peak. That this does not happen is due to the installed capacity portfolio in Germany (see Table 2 ): First, a relatively large fraction of electricity generated from natural gas stems from combined heat and power (CHP) plants. As the production of CHP plants is driven by heat, they have to generate even in hours with a high in-feed of solar power. Second, as the gas share in Germany is relatively low, gas might be completely replaced in hours with a high share of RE production. Hence, a further increase of renewable generation cannot replace more gas but would then replace coal.
The impact of wind and solar power on German hydro power plants is negligible. This is unsurprising given that most non-storage hydro facilities in Germany are run-of-river plants (see Table 2 ), which do not change their production in response to price changes. The same is true for the levels of output of nuclear power plants with very low marginal costs and "Other" technologies. The category "Other" technologies mainly aggregates generation of thermal renewable power plants such as biomass which also receive feed-in tariffs for generated electricity. As a result, the economic incentives to reduce or shift the output are very weak.
SPANISH MARKET.--The largest average marginal generation offsets from wind and solar in Spain occur for hydro power. Hydro power in Spain is mainly produced by reservoir plants. Reservoir plants and pump storage facilities are able to defer their production to hours with less renewable in-feed, i.e. higher prices, thus explaining the relatively large average marginal offsets for both technology categories. In addition, a sizeable replacement effect is found for natural gas plants. Due to its large capacity share, natural gas is the marginal generator in most of the hours and is thus on average relatively more affected than, for example, coal generation.
The average marginal offset due to changes in net imports differs largely across the types of renewables. While the impact is relatively small for wind, it is large for solar with about one fifth of the solar in-feed being replaced by a decrease in net imports. The reason is, again, that solar produces mostly during the mid-day peak hours when prices in neighboring countries are high, thus making it favorable to export electricity during these hours.
Coal-based generation is on average more affected by wind than by solar power. On the one hand, solar leads to a larger decrease in net imports which means that domestic generation needs to decrease by less. On the other hand, wind in-feed also occurs in off-peak hours in which it is more likely that coal is the marginal generator.
COMPARING IMPACTS ACROSS MARKETS.--Comparing the estimates for the German and Spanish markets, three differences are particularly noteworthy. 27 First, Germany exhibits a higher increase in exports which can be explained by the better market integration within Europe. Second, German coal power shows the highest reaction among the fossil-fuel powered plants in both markets, whereas in Spain it is gas-fired plants that are pushed out of the market. Due to the large share of natural gas capacity in the Spanish system, gas is often the marginal generator and thus, driven out of the market. In Germany the effect on gas is smaller, reflecting (i) the smaller share of gas capacity and (ii) the fact that a part of electricity generation from gas comes from combined heat and power plants, whose production is not affected by renewable generation because of "must-run" constraints.
Third, hydro power shows a strong reaction in Spain but no reaction at all in Germany. The very different effects on hydro in the two countries can be explained by differences in technologies. While in Germany the largest share of hydro capacity is run-of-river, which produces to cover mostly base load, in Spain there is a large share of reservoirs, which can transfer their production to time periods with high residual demand.
COMPARING IMPACTS ACROSS TECHNOLOGIES.--Due to the correlation of wind availability with low, and solar availability with high demand levels, one would expect wind to replaces more coal, and solar to replace gas. In Spain exactly this pattern can be observed. In Germany, on the contrary, the picture looks different, i. e. wind and solar both replace more coal than gas. This result is due to (i) the large share of coal capacity and (ii) the large share of CHP capacity in Germany.
An other difference between wind and solar is consistent across countries: In both countries solar leads to a larger increase in exports. This is due to the fact that solar is mainly producing at noon when prices in neighbouring countries are high. Hence, a decrease in domestic prices at noon leads to a large increase in exports.
B. Average Price Effects
Using the estimated coefficients from equation (15) Table 4 shows the estimated marginal effects of renewable in-feed on wholesale market prices. In Spain the impacts of renewable power on the price are generally higher than in Germany.
Comparing the two countries we find that the decrease of the wholesale electricity price due to renewable penetration is substantially lower in Germany compared to Spain. One reason underlying this difference is the reaction of net imports to increases in renewable generation. As Germany is more strongly integrated in the cross-border transmission system, its possibilities for trade are higher compared to Spain. As a result, Germany shows much higher increases in exports due to an increase in the in-feed of RE. This implies a smaller shift in the residual demand curve, in turn leading to smaller price and replacement effects.
In the German market, solar shows a higher price effect than wind. This is a consequence of the correlation of solar with peak electricity demand at noon (see Figure 3) , i. e. expensive peak generators are replaced by low marginal cost generation. This interpretation is supported by our estimation of the replacement effect which shows a higher reaction of natural gas and coal-fired power plants to solar generation.
In the Spanish market, the impact of wind on the wholesale price exceeds the impact of solar power. The estimation of the replacement effect showed that solar power, as compared to wind power, induces a higher response in net imports and therefore a smaller reduction of domestic generation. In turn, the price effect due to solar in-feed is smaller than the one related to wind in-feed. 28
C. Heterogeneity of Replacement and Price Effects Across Time
Focusing on the average marginal generation offset from wind and solar power can mask important heterogeneity that is due to the structure of correlation between demand and availability of each type of RE source. Intuitively, as the demand for electricity shifts, the units on the margin vary. Consequently RE in-feed leads to the replacement of different conventional technologies depending on demand.
To assess how a marginal increase in wind and solar output affects conventional electricity output X itr of technology i in region r and price P tr during different hours h of the day, we use regression estimates from (13) and (15) 
where the respective marginal effects (βs and αs) are evaluated at the averages of intermittent renewables output (Output ehr ) and demand (D hr ) for hour h, h = 1, . . . , 24, over all sample days. I h is a set which maps hours t to h. To facilitate comparison of the marginal impacts across different types of technologies and markets, and to exclude non-existent situations-for example, a positive replacement effect of solar energy at night-we normalize the average hourly replacement and price effects ∆X e ihr and ∆P e hr by multiplying by the average hourly renewable generation Output ehr and dividing with the respective sample average of renewable output, Output er . The hourly marginal replacement and price effects of interest are thus, respectively, given by:
HOURLY REPLACEMENT EFFECTS.-- Figure 4 plots the hourly marginal replacement effects ∆X e ihr . It is evident that there is a substantial heterogeneity in the marginal impact of intermittent RE on conventional electricity generation across market, type of RE source, technology, and time.
Major differences between solar and wind power generation are evident in both countries. Focusing on the offset induced by solar, first note that the patterns of replacement are highly correlated with the patterns of solar generation which is displayed in Figure 3 . Most of the replacement thus occurs around midday. Second, the peak for the natural gas offset is highly correlated with the demand peak due to the fact that high demand implies that natural gas is often the marginal generator. Third, the peak for the coal offset is to the right of the peak for the natural gas offset coinciding with slightly lower levels of demand following the midday demand peak. The peak for the lignite offset occurs at even lower levels of demand. The occurrence of the peaks for the coal and lignite offsets at lower levels of demand is consistent with the observation that at lower levels of demand coal and lignite increasingly replace natural gas as the marginal generator.
The offset pattern over a typical day induced by wind significantly differs from the one induced by solar. The main reason for this is that-in contrast to solarthe average hourly wind generation over a day is basically constant. This leads to the result, that the offset pattern induced by wind in-feed is highly correlated with electricity demand: Due to natural gas being the marginal generator in times when demand is high, the replacement of natural gas is positively correlated with electricity demand showing the highest offsets when demand peaks during noon and in the early evening. In contrast, the offset profiles over a day for coal and lignite are negatively correlated with demand, i. e., higher offsets occur when demand is low and coal or lignite technologies are the marginal producers. The offset patterns for coal and lignite in Germany are very similar although the cheaper lignite shows a relatively larger offset level due to wind.
In summary, our analysis suggests that the marginal replacement effect over a typical day varies largely depending on the type of RE source. Differences in marginal impacts for wind and solar power mainly reflect the reaction of base vs. peak load plants and the influence of different levels of electricity demand, or more precisely, the correlation between the availability of the RE source and demand. As we will show below, the documented heterogeneity in the generation offset from solar and wind power has important implications for the costs of carbon abatement associated with a RES policies that target specifically the promotion of wind or solar energy.
HOURLY PRICE EFFECTS.-- Figure 5 plots the results for hourly marginal price effects ∆P e hr . For both markets, the price effect in general follows the availability of the renewable resource during the day. Hence, for Germany we find that the marginal price effect of wind is constant during the day. While in the case of solar we observe highest price effects at noon and no effect during night. The same can be seen for the effect of solar energy on the price in Spain. In the case of wind energy, we find that in Spain effects on the price are lowest during the late morning when wind generation is low, and higher during night time.
D. CO 2 Abatement Effects
Using data on technology-and country-specific carbon coefficients, ϕ ir , and our estimation results, we can calculate the average CO 2 emissions offset per unit of RE output e as: While CO 2 emissions coefficients for the various technologies are based on data (see Section III), we have to make assumptions about the fuels replaced abroad by increased electricity exports following an incremental in-feed of wind and solar output. The problem arises as we do not possess information which would allow 29 ∆Ê e r is calculated as the per-year average effect over the sample (i.e., multiplying with the number of hours in a year and dividing by the total number of hours in the sample T ).
us to trace the destination country for exports. 30 To provide lower and upper bounds for the international carbon offset, we distinguish three cases which entail different assumptions about the carbon intensity of the foreign generation offset. A first case, labeled "Domestic offsets only", assumes that (net) electricity exports do not offset any carbon in foreign markets, thus adopting a pessimistic view (lower bound) for the international carbon offset. Two additional cases assume that exports do offset CO 2 emissions abroad but differ with respect to the type of fuel being replaced: the case "Exports replace coal" assumes that increased (net) exports offset only lignite for the case of Germany and coal generation for the case of Spain, thus adopting an overly optimistic view (upper bound). The case "Exports replace natural gas" represents an intermediate case assuming that exports entirely replace foreign gas-fired electricity. 31 The "true" offset is likely to lie in between these two latter cases. Table 5 shows the average marginal CO 2 emissions offset per MWh of wind and solar power by technology for the German and Spanish market as defined by equation (20a). With the exception for solar in Spain, coal accounts for the largest marginal carbon offset among fossil-based electricity. For Germany, this effect is in line with the large generation offset for coal. Despite the higher emissions intensity of lignite, the marginal carbon offset from these plants is smaller than for coal-based plants as the generation offset from lignite plants is comparably smaller. In Spain, the generation offset works mainly to replace natural gas, followed by coal. Due to the higher emissions coefficient for coal, the wind-induced carbon offset is larger for coal. For solar, however, the higher replacement effect on gas compared to coal dominates which explains why the solar-induced marginal carbon offset is relatively larger for natural gas.
Focusing on the "Domestic offset only" suggests that the average marginal reduction from wind is larger than for solar in the Spanish market whereas in Germany the opposite ranking applies. The reason is that in Germany, solar power leads to a higher decrease of both coal-and gas-fired electricity generation relative to the wind-induced replacement. In contrast, in Spain solar in-feed reduces less coal-fired generation than wind while the replacement effects on gas are roughly equal for solar and wind.
Finally, Table 6 shows the total annual carbon offset for each type of intermittent RE source by technology and by market, as defined by equation (20b). As both countries have a larger level of electricity production from wind than from solar, the total annual offset is larger for wind power. Focusing on the conservative case, 30 For example, determining the carbon offset for Germany would require knowing to which of its nine neighboring countries electricity would be exported in each hour. In addition, we would ideally require information on the hourly dispatch and hourly carbon intensity of the generation mix for each of the trading partner. We leave to future research to examine how explicitly modeling the dispatch decisions in foreign countries would enrich our analysis.
31 In terms of carbon coefficients ϕ ir , our assumptions for the three cases are thus as follows:
if "Exports replace coal" ϕ Natural gas,r if "Exports repalce natural gas" . i.e. assuming that foreign carbon offsets are zero ("Domestic offsets only"), the total annual carbon offset in Germany induced by wind (solar) output corresponds to 2.9 % (2.0 % ) of annual CO 2 emissions in 2014 in the German electricity sector. In the Spanish market, the total annual wind (solar) power-induced carbon offset is equal to 17.3 % (3.2 % ) of annual power sector CO 2 emissions in 2014. 32
V. The Cost of Carbon Abatement through RES Policies
This section uses our estimates from the empirical analysis together with the concepts for measuring the implicit costs of carbon abatement through promoting RE supply defined by equations (7)- (10) in Section I. We also examine how the cost are distributed between consumers and producers. Table 7 summarizes our main results.
A. Aggregate Economic Cost
We begin by first describing the level of public support per unit of RE output and then present the cost per ton of carbon abatement. Notes: Numbers in parentheses refers to heteroscedasticity-robust standard errors.
FINANCIAL SUPPORT.--Recall from equation (7) that the net financial support measures are defined as the subsidies payments paid to wind and solar energy F e minus the revenues earned from selling the RE output into the market P e . The respective data by technology and country are shown in Table 7 .
Several key insights emerge. First, the RE support for solar power has vastly exceeded the one for wind by a factor of 4.4 and 9.7 for the German and Spanish market, respectively. Second, the revenues earned by solar power are somewhat higher than those for wind. This simply reflects the stronger positive correlation of solar generation with demand compared to wind, which implies that solar tends to produce more at times when demand and, thus, prices are high. Third, in both markets the net financial support (F e − P e ) for solar compared to wind is substantially higher-as the higher support dominates over the higher revenues for solar. Fourth, the net financial support for wind in Spain is negative. This arises as revenues for wind generation in Spain are relatively high because wind generation in the evening coincides with high demand levels and, thus, high prices in the evening. 33 In Germany, on the other side, the RE support for wind is almost twice as large as in Spain; additionally, revenues from wind generation are smaller, thus making the net financial support for wind in Germany positive.
TOTAL ABATEMENT COSTS (PER AVOIDED TON CO 2 ).--Expressing the net public support into costs per ton of CO 2 abated Ψ shows that the costs of reducing CO 2 emissions through promoting RE sources are substantial. Table 7 provides estimates portraying three different cases: A pessimistic case with the assumption of no foreign offset ("Domestic offset only"), an optimistic case with the assumption of a large foreign offset ("Exports replace coal"), and a case with the assumption of medium foreign offset ("Exports replace gas"). The following main insights emerge. First, depending on the assumption of foreign carbon offsets, the costs for solar feed-in tariffs range from about 500-1300 e/ton CO 2 for the German market and from 950-1870 e/ton CO 2 for the Spanish market. The costs for carbon abatement through promoting solar power are larger in Spain compared to Germany due to two reasons: the solar in-feed in Spain produces a smaller carbon offset (see Table  5 ) and the net financial support is larger in Spain.
Second, the abatement costs from subsidizing wind as opposed to solar generation are considerably lower in both markets. In the German market, the abatement costs for wind subsidies are about five times smaller as compared to solar, although they remain large in absolute terms with 107-234 e/ton of CO 2 . Although solar power in Germany yields a larger carbon offset per MWh than wind (see Table 5 ), the abatement costs of promoting solar are much higher due to the large net financial support. In Spain we find that subsidizing wind generation entails negative CO 2 abatement costs over our sample period as the average revenue per MWh of wind exceeds the feed-in tariff.
B. Distribution of Cost between Energy Producers and Consumers
This section examines the economic incidence of the cost of RES policies between energy producers and consumers. As described in Section I, an increase in the RE in-feed unambiguously lowers capacity rents for energy producers that use conventional energy technologies. Consumers, however, may gain or lose overall because they benefit from lower energy prices but also face higher costs to the 33 extent that RE subsidies are re-financed through taxes on electricity demand.
As described in Section I.D, we provide a lower and an upper bound for producer costs, corresponding to areas A or A+B+C in Figure 1 , respectively. In Table 7 we report producer costs per ton of CO 2 per technology, which are given by:
From equations (7) and (9), consumer costs per ton avoided CO 2 are then given by:
The size of distributional effects for producers and consumers per ton avoided CO 2 thus depends on: (i) the price effect ∆P t < 0, (ii) the net financial support for renewables (F e − P e t )Output et , (iii) the market size X it , and (iv) the emissions offset ∆Ê.
We find that the RES policies, depending on which type of RE source is promoted, lead to quite different distributional effects for producers and consumers (see Table 7 ). Producer rents are always impacted negatively but the magnitude differs depending on whether solar or wind energy is pushed into the market, ranging from 175-319 e per ton of CO 2 abated.
Losses for producers are larger for a policy which supports solar energy as an increased in-feed of solar reduces high peak prices during times when electricity demand is high. Taking into account the substantial heterogeneity in price impacts over a day, as illustrated in Figure 5 , is thus important for appropriately measuring the distributional effects. Importantly, basing the assessment instead on the average price effects, as shown in Table 4 , would lead to a severe mismeasurement. A large price effect during high-demand hours then implies a comparably large adverse impact on producers when solar energy is promoted. Subsidizing wind energy brings about smaller losses for producers as compared to subsidizing solar energy as the availability of wind exhibits a smaller positive correlation with demand over a typical day.
Losses for producers not only depend on the RE source that is promoted but also on the market. For both types of RE sources, the producer cost are higher in Germany than in Spain, although the price effect in Spain is significantly larger. The larger size of the German market, however, overcompensates this effect and leads to higher costs for producers in Germany compared to Spain. Lastly, differences in the producer cost per ton avoided CO 2 between technologies and markets are also due to the heterogeneity of RE sources in terms of their environmental impact (∆Ê). As discussed in Section IV.D, ∆Ê depends on the correlation between resource availability and demand as well as the CO 2 intensity of the existing plant portfolio and export possibilities.
For consumers, the change in surplus varies in sign depending on the type of RE source: it is positive for wind and negative for solar. The difference is mainly due to the refinancing tax for RE subsidies levied on electricity demand which is higher in the case of solar-reflecting the fact that, given higher production costs for solar, a more stringent policy support is needed to incentivize profitable production. Under a policy targeting the promotion of wind energy, consumers are better off and even experience an increase in consumer surplus. Comparing the relative impacts on economic rents across consumers and producers, we find that with policy support for solar, consumers bear three to five times larger costs than producers. With policy support for wind, producers incur losses whereas consumers even gain.
VI. Conclusions
Despite the observation that RE support policies have become a major means to combat global warming, surprisingly little is known about the effectiveness of these instruments in terms of carbon mitigation and their implicit carbon abatement costs. This paper aims to fill this gap by providing the first ex-post assessment of the cost of carbon abatement and distributional effects between energy producers and consumers through RE policies examining the cases of Germany and Spaintwo countries which have employed highly generous RE support schemes over the past ten years.
Our econometric framework exploits the randomness and exogeneity of weather conditions governing the in-feed of solar and wind energy to identify the (shortrun) market impacts of RE support policies. We also make use of the fact that the shares of RE supply in the German and Spanish markets are large. Combining the empirical estimates with data on subsidy payments for wind and solar energy enables us to assess the aggregate economic cost of carbon abatement through RE support policies as well as their distributional impacts across energy producers and consumers.
Our estimates suggest that carbon abatement cost for RES policies differ widely depending on the type of RE source which is promoted. The average cost for reducing one ton of CO 2 emissions with subsidies for solar energy is between 500-1870 e. With subsidies for wind, this cost is significantly lower with 110-230 e per ton of CO 2 for the German market and slightly negative cost of -5 to -7 e per ton of CO 2 for the Spanish market. This reflects substantial heterogeneity in production cost, temporal availability of natural resources, and market conditions (i.e., timevarying energy demand, carbon intensity of installed production capacities, and opportunities for cross-border energy trade). We further find that abatement cost are quite differently distributed between energy producers and consumers depending on which type of RE source is promoted. While conventional energy producers incur losses when promoting wind or solar energy, consumers may gain or lose. We find that with policy support for solar, consumers bear three to five times larger costs than producers. With policy support for wind, producers incur losses whereas consumers gain.
Some limitations of our analysis should be kept in mind. A first caveat is that we focus on the short-run market impacts and consider only the "direct" economic cost of carbon abatement, i.e. the cost excluding external costs and benefits associated with using RE technologies. The economic literature provides evidence for the presence of positive externalities of RE technologies due to environmental protection, learning-by-doing, and network effects (Bollinger and Gillingham, 2014) . Learning rates may also be asymmetric across RE technologies (Rubin et al., 2015) . These benefits, however, have to be weighed against the additional integration and back-up cost of intermittent RE generation (Borenstein, 2012; Marcantonini and Ellerman, 2014) . While it is beyond the scope of this paper to provide a comprehensive cost-benefit analysis, our estimates of the direct economic cost could be viewed as a first indication of how large the net benefits from other external effects would have to be to provide a rationale for decarbonization through RE support policies. For example, if one assumes social cost of carbon (SCC) on the order of $30-100 (Nordhaus, 2017) , the positive external net benefits (per ton of CO 2 ) associated with using solar energy would have to be substantial, i.e. several orders of magnitude higher than the SCC. In contrast, the required external net benefits for wind would be much smaller. A second caveat is that we measure the average cost of carbon abatement through RE support policies. The average may be an imprecise proxy for the marginal cost of abatement associated with the first and last MW of RE capacity installed. Additional studies focusing on different time periods and different markets would be helpful to gain insights into how the implicit carbon abatement cost vary depending on the stringency of the RE support policy.
Notwithstanding these caveats, our findings have implications for the design of RE support policies. First, differentiating of RE subsidies according to the type of RE source should reflect the heterogeneous implicit cost of carbon abatement. In particular, the differentiation of feed-in tariffs on the basis of production cost, as it is the case under current policy design, most likely does not incentivize investments in RE capacity towards technologies that provide the greatest social returns. Rather, policy design should take into account the environmental and market value of RE technologies. Second, to enhance the political acceptance and feasibility, future policy designs aimed at promoting RE supply should also consider the distributional consequences between energy producers and consumers which have been shown in this paper to vary widely depending on whether wind or solar energy is promoted. 
